We investigate the effect of temperature on the supercontinuum generation of CS 2 single-hole liquid core optical fiber (LCOF). By solving the generalized nonlinear Schrödinger equation, the effect of the temperature on spectral broadening, coherence, soliton effects, and modulation instability was analyzed. The results turn out that the supercontinuum generation by pumping the LCOP with 1.95-μm laser is robust over a broad temperature range (15-45°C). The optimal temperature to generate the broadest spectrum of SC via LCOF is 15°C, which is independent on the pump power. The coherence of the generated SC is independent on the temperature at low pump power (such as P 0 = 4 kW), while at a high pump power (such as P 0 = 40 kW) the coherence of the long wave (around 2600 nm) tends to be deteriorated at low temperature (e.g., 10°C). The underlying reason for such phenomenon has been discussed as well.
Introduction
Supercontinuum generation (SCG) is the broadening of the pulse spectrum by the propagation of sufficiently intense incident pulses through non-linear media. At present, SCG, especially in infrared-region, is of great importance [1] , since it can be used for nonlinear spectroscopy (e.g., pump-probe spectroscopy [2] , coherent Raman spectroscopy [3] , near-field optical microscopy identification of molecular species [4] ), in optical coherence tomography (OCT) [5] , photoacoustic imaging [6] , coherent optical communication [7] , optical frequency metrology and other fields. Studies have shown that anomalous dispersion pump can provide a wider spectrum than the normal dispersion region [8] , [9] . The mechanism of SCG has been studied extensively, and it is considered a combination of self-phase modulation (SPM), soliton fission [10] , cross-phase modulation (XPM) [11] , [12] , stimulated Raman scattering (SRS) [13] , four-wave mixing (FWM) [14] , and properties of the fiber [15] . Among these nonlinear phenomena, SPM dominates during the first few centimeters of propagation, then the soliton fission accompanied by the radiation emission and reflection of the dispersive waves from emerging solitons lead to further spectral broadening. Soliton was proposed by Hasegawa and Tapert [16] , which originated from the balance of anomalous dispersion and self-phase modulation. The next stage is the Raman shifted solitons on the long-wavelength edge of the supercontinuum enter into the regime of the cascaded interaction with dispersive radiation [17] . This quickly leads to the formation of the bound soliton-radiation states responsible for continuous spectral divergence of the supercontinuum edges [18] . The necessary condition for this to occur is the near matching of the group velocities across the zero GVD point [19] . Husakou and Herrmann proposed a complete theory of SCG by taking advantage of soliton related effects in 2001 [10] , and demonstrated that the spectral broadening through fission of higher-order soliton into redshifted fundamental solitons (induced by Raman scattering) and blueshifted nonsolitonic radiation and confirmed by experiments.
Ultra-broadband SCG is achieved by modulation instability (MI) [20] - [25] besides soliton fission [19] , [26] , [27] in the anomalous dispersion region. MI-induced ultra-broadband spectroscopy was first proposed by Hasegawa and Brinkman in 1980 [22] . The MI, at the expense of the absorption of two pump photons, can be explained by the four-wave mixing (FWM) process of phase matching through nonlinear and dispersion effects, leading to exponential growth of the Stokes and antiStokes sidebands [26] . In addition to noise induced MI, it is also possible to initiate the process by feeding with a countersignal at a frequency separation from the pump lying within the gain window [21] .The MI turns out to dominate higher-order effects such as third-and fourth-order dispersion, self-steepening and stimulated Raman scattering [20] .
Most research on soliton-based SCG emerge in novel and hybrid material waveguide, such as soft-glass systems (e.g., chalcogenides, tellurides, filuorides), making use of their significantly higher nonlinearity and wider transmission windows, particularly towards mid-infrared wavelength [28] . Likewise, highly nonlinear liquid-filled (CS 2 ) optical fibers have properties comparable to those of soft-glass. Several works studied the SC generation in the anomalous dispersion regime of hollow-core fibers filled with CS 2 [27] , [29] . However, the diameter of the filled center hole is less than 3 μm in the above articles, which posts some difficulties to the optical path coupling in practical experiments. A recent work studied the SC broadening of CS 2 single-hole liquid core in the anomalous dispersion region at room temperature (20°C) [30] . However the effects of temperature variation on SCG have not been taken into consideration.
In this paper, the supercontinuum generation (SCG) by a liquid core optical fiber (LCOF) is numerically studied. The optimal condition for SCG, including but not limited to, operating temperature, is discussed. The effect of temperature and pump peak powers on the properties of supercontinuum is researched. This study will potentially contribute to the optimization of the SCG using CS 2 single-hole liquid core optical fiber.
Design of LCOF and Theoretical Model

Fiber Design and Characterization for Supercontinuum Generation
We first design a reasonable liquid core optical fiber (LCOF) for supercontinuum generation (SCG). Fiber structure is shown in Fig. 1 . The zero-dispersion wavelength (ZDW) of the LCOF lies in the IR window, for which the pump wavelength λ = 1.95 μm is selected. The refractive index of CS 2 is calculated by the following Sellmeier (20°C) equation [30] :
λ is the wavelength (μm) in vacuum. The temperature-dependent refractive index n(λ, T) is governed by the formula [31] :
where T represents the desired temperature, and T is the difference between T and 20°C, dn/dT indicates gives the rate of variation of refractive indices with temperature, and dn/dT = −7.91 × 10 −4 K −1 for CS 2 [31] , [32] , since the silica has temperature-dependent refractive index [24] . In order to calculate the n eff (λ) and the effective area A eff [33] of the LCOF, we use the full-vector finite element method (FEM) [33] - [35] and assume the anisotropic perfectly matched layers (PML). The total dispersion of the LCOF structure can be well approximated using the following relation
where D(λ) is the total dispersion of the fiber, D w (λ) is the waveguide dispersion, and D m (λ) is the material dispersion which can be obtained using the Sellmeier's equation. And the exact definition of the total chromatic dispersion as:
where c, β 2 and n eff (λ) are the velocity in free space, the second-order dispersion, and the LCOFs effective index of the fundamental mode respectively, the material dispersion based on Sellmeier's equation has been taken into account explicitly in the effective index of the LCOF [36] . If the input pulse center wavelength approaches the zero-dispersion wavelength (ZDW), β 2 = 0. Applying the FEM, we determined the chromatic dispersion referred as the group velocity dispersion (GVD) as a function of the wavelength of the fundamental mode at different temperature shown in Fig. 2 (b). It is clearly that the ZDW move towards the pump wavelength as the temperature increases. Fig. 2 (b) also implies the blue-shift of ZDW could be done by reducing the core-diameter of LCOF. However, the amount of blue-shift is limited before the core diameter of LCOF becomes too small to fabricate. For practical reason, we limit the diameter of LOCF between 3.0 μm to 6.5 μm, which provide a broad zero-dispersion wavelength (ZDW) range between 1.825 μm and 1.950 μm for SC generation. Contrast to solft-glass fibers where subwavelength core diameters are required [38] , the core diameter of LOCF can be between 3.0 μm and 6.50 μm, and the zero-dispersion wavelength (ZDW) (Fig. 2) point is between 1.825 μm and 1.950 μm. These parameters meet the working conditions in anomalous dispersion region, and in turn make the spectrum broadening effectively. The normalized frequency of step index guided fiber, defined with V-parameters, can be described with
where d is the diameter of the fiber core, n core and n clad are the core and cladding index respectively. When choosing the diameter d = 4.0 μm for LOCF, Eq. (5) yields V = 4.24 larger than characteristic value of V = 2.405 for fundamental mode working state [39] . Despite high-order modes have contributions to supercontinuum generation (SCG) [40] , [41] , the fundamental mode still dominates in SCG in LOCF with the length of 0.1 m. Therefore, in this paper, we consider only the contribution of the fundamental mode in LCOF.
Nonlinear Pulse Propagation
To describe nonlinear pulse propagation in the CS 2 liquid filled LCOF, the generalized nonlinear Schrodinger equation (GNLSE) [42] is solved by using the improved Runge-Kutta algorithm [43] :
where A(z, τ) is the envelope of the electric field, α is the propagation loss, β n is the n-th order dispersion coefficient, f R and h R (t) are Raman contributions and CS 2 Raman response function [42] , here z is the propagation length and τ (τ = (t − β 1 z), β −1 1 is the group velocity) is the time measured in the reference frame moving with the group velocity at the pump frequency [19] . We use a hyperbolic secant pulse with large duration T 0 = 352 fs determined with FWHM. The first term on the right-hand side of Eq. (6) is the loss term, the second term represents the dispersion terms, and the third term includes self-phase modulation, cross-phase modulation, quaternion mixing, stimulated Raman scattering and self-steepness.
The optical pulse response function is:
the fractional f R contribution of Raman response is as high as 0.89 and the normalized Raman response function h R (t) can be written as follows [46] :
where τ diff = 1.68 ps, τ rise = 0.14 ps, τ int = 0.4 ps, α = 5.4/ps, ω 0 = 6.72/ps. Coherence is an essential parameter of supercontinuum generation (SCG). This is because from a practical point of view, the supercontinuum (SC) light source is required to be highly coherent if it is utilized for applications such as optical metrology. For this reason, the coherence properties of SC have gained significant interest, so we calculate the first-order coherence of the spectrum by introducing Gaussian white noise [44] :
where E(λ) denotes the electric field at the wavelength λ, m and n denote the indices of the individual spectra (m ࣔ n), and the angular brackets refer to an ensemble average. In this paper, 50 individual spectrum are used to calculate the first order coherence under identical input conditions Fig. 3 (a) was calculated by using Eq. (1)- (4), Fig. 3(b) , (c), (d) were calculated by using Ref. [37] .
with random Gaussian white noise. The values of |g (1) mn (λ)| at each wavelength are closer to 1, the better the coherence of SC.
Numerical Results and Discussion
The following parameters were used throughout this paper: a) the LCOF core diameter d = 4.0 μm; b) the hyperbolic secant pulse with large duration T 0 = 352 fs; c) the fiber length L = 0.1 m; d) the pump center wavelength is λ = 1.95 μm; e) nonlinear refractive index n 2 = 1.04 × 10 −18 m 2 W −1 ; f) in the effect of temperature on modulation instability (MI) and soliton fission for supercontinuum generation, our pump power are P 0 = 4 kW, 8 kW, 16 kW, 40 kW, respectively.
Influence of Temperature on Fiber Parameters
SCG results from the interaction of high-order nonlinear terms such as self-phase modulation with fiber dispersion. Therefore, the variation of temperature will lead to the changes of the parameters of LCOF, e.g., the effective index n eff , the dispersion coefficients β n , mode field effective area A eff , and the spectral bandwidth of supercontinuum, and resultantly influence SCG.
It can be seen from Fig. 3 that the dispersion coefficient β n (ps n /m), and the nonlinear coefficient γ, the effective area A eff , the numerical aperture (NA) and the V-parameter of the LCOF are temperature-dependent. The zero-dispersion wavelength (ZDW) (Fig. 3(a) increases from 1.782 μm to 1.859 μm while the nonlinear coefficients γ (Fig. 3(b) ) decreases from 0.36093 W −1 m −1 to 0.33580 W −1 m −1 when the temperature of the LCOF increases from 10°C to 50°C. The results show that with increasing temperature the ZDW has undergone a redshift, getting closer to the pump wavelength, but the nonlinear coefficient has an opposite trend. Furthermore, the variation on both γ and ZDW's will induce severe changes in the pulse-width. Moreover, Fig. 3(b) and Fig. 3(c) tell that the change on effective area A eff and NA is trivial, and they do not have noticeable effect on the initial optical coupling. Notably, the second-order dispersion coefficient β 2 ( Fig. 3(d) ) increase from −3.13607722 × 10 −2 ps 2 /m to −1.50819699 × 10 −2 ps 2 /m, while the fourth-order nonlinear coefficient β 4 (Fig. 3(d) ) decreases from −1.00690456 × 10 −6 ps 4 /m to −8.73322714 × 10 −7 ps 4 /m when temperature increases from 10°C to 50°C. 
The Effect of Temperature on Modulation Instability and Soliton Fission for SCG
In order to simulate SCG, the soliton orders, the length of soliton splitting, and the gain of MI [45] should be considered.
The high-order soliton splits into a large number of fundamental solitons, and the fundamental solitons are amplified through modulation instability (MI) gain, resulting in further broadening of the pulse. The MI gain of a LCOF can be expressed as [22] , [23] :
Eq. (10) reveals the effect of temperature on the gain bandwidth is due to a change in the dispersion coefficient as a function of temperature.
The simulation results were given in Fig. 4 . Fig. 4(a) shows that as the temperature increases from 10°C to 50°C with an interval of 5°C, the nonlinear length L NL increases with the temperature in a linear manner at the pump peak power P 0 = 4 kW and 8 kW and becomes constant at high pump power (such as P 0 = 16 kW, 40 kW) (While, the dispersion length L D (Fig. 4(b) ) increases exponentially with temperature increasing from 10°C to 50°C, and the length claims for phase matching conditions to generate new photons also varies. The soliton order N (Fig. 4(c) ) and soliton fission length L fission (Fig. 4(d) ) increase with the temperature in the temperature range from 10°C to 50°C.
Modulation instability (MI) is a special four-wave mixing (FWM) process, which is dominant for short propagation lengths forming two distinct side peaks in IR and blue, the entire process continues in a chain reaction until the spectrum is greatly broadened. From Eq. (10), it is obtained that the phase matching condition for the process of MI is influenced by β 2 , β 4 which is a function of the temperature of the LOCF [23] . In order to study the effect of temperature on modulation instability (MI), we plot the Stokes lines in the mid-IR region (Fig. 5 ) of different temperature at pump power P 0 = 4 kW, 40 kW (a, d). It is obvious that the MI gain is affected not only by the pump power but also by the temperature. The peaks of the MI gain show a small amount of decreasing trend at the same peak pump power and the corresponding frequency shift is increasing. The variation of bandwidth of MI spectrum λ varies with different pump powers, such as λ = 26 nm, 30 nm, 34 nm, 40 nm at pump power P 0 = 4 kW, and λ = 34 nm, 26 nm, 30 nm, 28 nm at pump power P 0 = 40 kW, as the temperature increases from 10°C to 50°C with an interval of 10°C. However, the higher the pump power, the less obvious their changes are. It meant that the influence of the temperature on the supercontinua generation is different at different pump power. Generally, lower temperature yields higher MI. 
Influence of Temperature on Spectrum Broadening
The effect of temperature on the amount of spectral broadening is shown in Fig. 6 . It is found that the bandwidth firstly increases as temperature increases and then decreases after reaching a maximum value at a temperature of about 15°C even for different pump power. It implies that the optimal temperature to obtain the broadest SC is 15°C, which is independent with the pump power. The variation of spectral bandwidth with respect to temperature is shown in Table 1 as well, the bandwidth reaches a maximum value 1061 nm and 1255 nm at pump power P 0 = 4 kW, 40 kW Fig. 7 . The output spectra and the first-order coherence (a-c), spectral evolution (d-f) and coherence evolution (g-i) of the propagating pulse with a pump power of 4 kW for temperatures 10°C, 20°C, T = 50°C. The output spectra and spectral evolution (Fig. 6(a-f) ) were calculated by using Eq. (6)- (8), and the first-order coherence (Fig. 6(a-i) ) was obtained by using Eq. (9). respectively. This is due to the fact that dispersion and non-linear strong interactions result in maximum spectral broadening, then show a weak downward trend, this is mainly due to the fact that the ZDW move towards the pump wavelength ( Fig. 3(a) ) but the nonlinear parameter decreases as temperature increases (Fig. 3(b) ). The reduction of the spectrum bandwidth is about 30 nm from 15°C to 50°C while the increment of the spectrum bandwidth is in proximity of 150 nm from 10°C to 15°C. Considering the operating temperature in reference [32] and CS 2 has a boiling point of 46.3°C, so the working temperature should not be higher than 45°C. Thus the actual temperature should be kept in 15°C-45°C.
Influence of Temperature on Coherence
Here we shift our attention toward the evolution of the pump pulse with perturbation along the propagation distance. The external perturbation, such as a hyperbolic secant pulse with small amplitude and phase perturbation will bring about the variation of pulse broadening and the firstorder coherence. The coherence was proved depending strongly on the input pulse's duration and wavelength, and optimal conditions for coherent supercontinum generation [44] .
We plot the generated supercontinuum (SC) spectra and its first-order coherence ( Fig. 7(a-c) ) at P 0 = 4 kW. It is found that when the temperature increase from 10°C to 50°C the soliton frequency is extended from its central wavelength 1950 nm to both sides, providing a broader spectrum width of SCG. Meanwhile, the first-order coherence of the generated SC is around 1, revealing that the first-order coherence is independent of temperatures at a low pump power P 0 = 4 kW.
Furthermore, the spectral and temporal evolution of the pump pulses propagated along the LCOF were also investigated, and the results are plotted in Fig. 7(d-f) . It was found that L fission becomes longer when the temperature increases, which matches the calculated value well in Fig. 4(d) . Moreover, the evolution of the first-order coherence of the generated supercontinuum (SC) is shown in Fig. 7(g-i) . It is found that the coherence of the generated SC increases with the propagation depth in the fiber, while the long-wave region of the generated SC has poorer coherence than other spectral components. This is mainly because as the temperature increases, the require working length of the optical fiber becomes bigger. When the pulse continues to transmit, the soliton occurs Raman self-frequency shift, broadening the spectrum to longer waves. Fig. 8 . The output spectra and the first-order coherence (a-c), spectral evolution (d-f) and coherence evolution (g-i) of the propagating pulse with a pump power of 40 kW for temperatures 10°C, 20°C, T = 50°C. The output spectra and spectral evolution ( Fig. 7(a-f) ) were calculated by using Eq. (6)- (8), and the first-order coherence ( Fig. 7(a-i) ) was obtained by using Eq. (9).
In order to investigate the effect of different peak pump power on SCG, a similar process was simulated for the case with high pump power P 0 = 40 kW, compared with the case at low pump power P 0 = 4 kW. The first-order coherence of the SCG at P 0 = 40 kW undergoes a large change at different temperatures ( Fig. 8(a-c) , while that at P 0 = 4 kW keep constant with the temperature. Furthermore, the coherence in the entire spectral range is deteriorated (Fig. 8(g-i) ). The mainly reason is that MI has a larger gain and acts on the entire spectrum, which leads to the coherence of the output spectrum to deteriorate.
The spectral evolution of the generated SC ( Fig. 8(d-f) ) tells the higher the peak pulse power, the wider the spectrum will be generated in a shorter distance, but the coherence of the resulting SC will be significantly deteriorated. This is due to more soliton fission occurs in a short distance, the soliton fission length increase with the temperature (see Fig. 4 ). Raman self-frequency shifting occurs for each soliton, and multiple soliton frequency shifts will cover the entire long-wavelength spectrum when the pump power is P 0 = 40 kW. Peak power increases with the MI-gain increase; the Raman auto-frequency shift amplifies the noise at the long wavelength of the MI amplification to produce a long-wave spectrum of the SC. At the same time, the dispersive wave generated by multiple soliton radiations will cover the entire short wave range so that the MI will affect the entire SC generated under the condition of high pump power.
Conclusion
Based on the full vector finite element method, the performance parameters of the fiber at different temperatures were simulated and analyzed. Based on this, the effect of the temperature on spectral broadening, coherence, soliton effects and modulation instability was analyzed. The simulation analysis results show: the ZDW of the fiber is red-shifted and gradually close to the pump wavelength, but the nonlinear coefficient of the fiber is reduced as temperature increases.
It was found that when the temperature increased from 10°C to 50°C the soliton frequency was extended from its central wavelength 1950 nm to both sides, providing a broader spectrum width of SCG. Further studies revealed that the supercontinuum generated by pumping a CS 2 single-hole liquid core optical fiber (LCOF) with a 1.95 μm laser is robust over a large temperature range (15°C-45°C). Furthermore, the optimal temperature to obtain the broadest SC is 15°C, and such optimal temperature is independent on the pump power. The effect of pump power on SCG was also investigated. The result tells that at low pump power (such as P 0 = 4 kW) the coherence of the generated is independent on the temperature, while at high pump power (such as P 0 = 40 kW) the coherence of the long-wave (around 2600 nm) tends to be deteriorated at low temperature (e.g., 10°C). The simulation method and the study results could provide a guide for optimizing SCG by using LOCF, and also for a similar application.
It should be noted that, there are some issues which should be considered for practical application but not included in the simulation here. 1. The direct coupling efficiency from the single mode fiber (pump laser) to liquid core optical fiber (LCOF) is low (<25%) considering the mismatch on the numerical aperture. Therefore, a customized coupling unit should be designed and utilized to improve the coupling efficiency between SMF and LCOF in practical application. 2. To utilize the temperature-tuning effect on SCG, the LCOF should be placed on a closed chamber, which has heating and air-cooling blocks, as well as temperature sensing and feedback controlling unit.
